An increasing number of promising applications for future technology is arising from size constraints in nanoparticles (NPs) and from the chemical manipulation of their surfaces. In this work, we analyse the finite-size and surface effects on polyacrylic acidcoated Fe 3 O 4 NPs and oleic acid-coated g-Fe 2 O 3 NPs by studying their magnetization curves at different temperatures. The measured thermal dependence of the saturation magnetization is no longer explained by the typical T 3/2 Bloch law, yielding higher values than those expected for its exponent. When incorporated in polymeric matrixes to form magnetic transparent nanocomposites, the oleic acid-coated g-Fe 2 O 3 NPs also deviate from Bloch's law, but following the opposite trend observed in free coated NPs.
Introduction
The purely structural modifications that size constraints induce in nanoparticles (NPs) and the subsequently altered atomic arrangement at their surfaces have profound consequences on their most basic physical properties. In the case of magnetic NPs, these changes have meant the departure from most of the established laws governing the magnetic phenomena observed in bulk materials for the time being. Additional chemical manipulations of NPs, such as the use of coating agents, have led to even more radical changes in the basic magnetic behaviour-turning magnetic what was not-and contributing to the enrichment of nanomagnetism by providing an increasing number of promising applications in future technology. A sizeable amount of the research done on magnetic NPs over the past decades is now starting a firm move from theoretical grounds to the real applications arena. The success in doing so is motivating the incorporation of these materials to an increasing number of fields different from those traditionally *Author for correspondence (dortega@ri.ac.uk).
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This journal is © 2010 The Royal Society 4407 linked to its development, such as catalysis (Yang et al. 2004) , magneto-optical sensing (Ortega et al. 2006 ) and regenerative medicine (Solanki et al. 2008) , to name but a few. Notwithstanding, the relentless development of improved and even more efficient materials than those currently available is further expanding the horizons of what we already knew about magnetic phenomena at the nanoscale and, moreover, where they could be applied. Even the research carried out in other areas is increasing the family of magnetic nanomaterials, a fact exemplified by some recent findings such as the onset of a ferromagnetic order in etched silicon (Grace et al. 2009 ) and hafnium dioxide (Venkatesan et al. 2004) , two compounds where no magnetic ordering is expected to occur as a result of their electronic structure.
In addition to the obvious benefits derived from their small size, the interest in using magnetic NPs chiefly relies on their ability to be easily oriented using external magnetic fields by virtue of their superparamagnetic (SPM) behaviour. Well after Frenkel & Dorfman (1930) predicted the existence of single-domain particles, Bean & Livingston (1959) were the first in introducing the term superparamagnetism to designate the thermal randomization of the magnetization in fine particles-typically under 15 nm-that leads them to behave like a Langevin paramagnet (Langevin 1905) at elevated temperatures, but having a magnetic moment several orders of magnitude higher. Initially introduced by Néel (1949) , the theory of superparamagnetism was subsequently developed by Brown (1963) , who, instead of considering the magnetization vector pointing to a number of discrete orientations, proposed the existence of a distribution of magnetization orientations under a random field. The set of these results is known as the Néel-Brown model of the magnetic relaxation, and is widely used in studies related to the thermally activated magnetic processes both in single-and multi-particle systems. Under a practical point of view, ignoring the fluctuations associated to the magnetic moments across and at the surface of the particles, it is commonly accepted that a system of NPs is SPM when (Cullity & Graham 2009 ): (i) plotting the magnetization curves versus H /T (magnetic field/temperature) at different temperatures, they tend to superimpose to a single one and (ii) there is neither coercivity nor remanence, i.e. no hysteresis is observed.
Owing to their strong links with today's highest technology, the present article is focused on two similar but distinct SPM systems of iron oxide NPs with different coatings and for different applications. The first system is composed of oleic acid-coated maghemite NPs (referred as OA-g-Fe 2 O 3 NPs in the following). Apart from their uses in the form of colloids, maghemite NPs can be embedded in a range of polymeric matrixes to form transparent magnetic nanocomposites (NCs). In this article, we study their specific magnetic behaviour when incorporated in a polyester resin (OA-g-Fe 2 O 3 NC in the following). They show a high magnetic moment, but a lower optical absorption than magnetite NPs; for this reason, the main application we aim for these NPs is in magnetooptical current sensors, taking advantage of the Faraday effect that they exhibit (Ortega et al. 2008) . The second one consists of polyacrylic acid-coated magnetite NPs (PAA-Fe 3 O 4 NPs in the following), and one of its main appeals just lies in the coating agent, since PAA ensures a better dispersion in water, favouring their biocompatibility and also allowing their bioconjugation with peptides as biomarkers. In addition, the surface polarity of NPs can be easily changed to allow their transfer to non-polar solvents (Ge et al. 2007 ). Due to their high magnetic moment and the aforementioned biocompatibility, these are excellent magnetic resonance imaging contrasts and, although in principle they had not been designed for that, magnetic hyperthermia agents as well (Kallumadil et al. 2009 ).
Experimental
Maghemite and magnetite SPM nanocrystals have been synthesized by two different methods based on the wet-chemical route at relatively high temperatures. In both cases, the magnetic core is formed by a chemical reaction starting from an iron precursor in the presence of a capping protective agent, to avoid excessive growing and aggregation of the clusters, using the appropriate solvents to reach the reflux temperature.
Maghemite NPs were synthesized from the thermal decomposition of iron pentacarbonyle with oleic acid as capping specie, using octyl ether as the solvent (boiling point, approx. 287
• C), which allows a suitable temperature to promote the thermal decomposition of the precursor. Iron pentacabonyle was injected into a mixture of oleic acid in octyl ether, heated up to 100
• C under a nitrogen flow and with vigorous stirring. The molar ratio Fe : oleic acid used in our experiment was 1 : 3. The resulting mixture was kept at the above-mentioned temperature for 1 h and then further heated up to 275
• C for 90 min. After cooling to room temperature, the resulting black solution was oxidized to obtain the gamma iron oxide phase. For oxidation, trioctylamine oxide was added in a molar ratio of 3 with respect to the iron, and the mixture was heated up to 120
• C in a nitrogen atmosphere for two successive heating steps. Subsequently, the temperature was increased up to 150
• C for one more hour before cooling again up to room temperature. As a final step, the solution was precipitated with ethanol and dispersed again in octyl ether. The process was repeated three times to remove non-reacted species and the NPs were collected by magnetic sorting by means of an external magnetic field. Maghemite cores are surrounded by the oleic acid chains due to the coordination between carboxylate groups and iron cations on the NP surface. Oleic chains confer a hydrophobic character to the NPs, making them soluble in hydrocarbon solvents. Taking advantage of this characteristic, we have prepared transparent monolithic polyester maghemite composites appropriate for optical applications. Magnetic maghemite NPs are well dispersed in the polyester matrix; in this case, a styrene-based polymer catalysed by methyl ethyl ketone peroxide (MEKP), by in situ polymerization, resulting in bulk transparent polymeric composites. Three drops of MEKP were added to 1 g of polymer. The amount of NPs dissolved in the MEKP was that necessary to reach a nominal content of 1 per cent of maghemite in the polyester matrix.
Magnetite NPs were synthesized by a solution-phase hydrolysis reaction promoted by temperature. Briefly, Fe 3 O 4 nanocrystals were obtained by hydrolyzing an iron precursor with an NaOH solution at a temperature above 200
• C, in the presence of PAA, used as the capping agent. Specifically, a mixture of a Fe(III) precursor (FeCl 3 ) and a protective specie (PAA) was heated in dietylenglycol (DEG) up to 220
• C for 30 min, in a nitrogen atmosphere while stirring. A 0.25 molar solution of NaOH in DEG, previously prepared at 120
• C, was added to the reaction mixture, to promote precipitation of the hybrid iron oxide. The reaction was then refluxed for 10 min to allow the growth of magnetite nuclei. Molar ratios of Fe : PAA and Fe : NaOH were 1 : 2 and 2 : 5, respectively. As for maghemite NPs, nanocrystal size can be tuned by modifying ratios and by increasing refluxing time. NPs were precipitated three times with ethanol, redispersed in deionized water and collected by means of an external magnetic field. Carboxylate groups in the PAA chains strongly coordinates to the iron cations on the magnetite NP surface, while uncoordinated surface carboxylate groups provides high solubility in hydrophilic solvents to the NPs, as well as a sharp capability for bioconjugation.
In both cases, magnetic nanocores surrounded by a polymeric shell have been obtained. Size distribution, as well as homogeneity and morphology of NPs have been analysed by transmission electron microscopy (TEM) using a JEOL 2010F microscope. Phase characterization has been undertaken by high-resolution transmission electron microscopy (HRTEM), complemented with inductively coupled plasma atomic emission spectroscopy (Iris Intrepid, Thermo Elemental) analysis. With regard to the processing of diffraction patterns from HRTEM images, typical tolerances of ±0.3 nm and ±3.3
• have been employed for calculating the relationship between spacings and angles measured from the corresponding spots. Additional images have been acquired by atomic force microscopy (AFM; Veeco Multimode IIIa). Magnetic measurements have been performed in a Faraday Balance (Oxford Instruments) equipped with a liquid nitrogen cryostat. This technique belongs to the force methods for measuring magnetic susceptibilities and it is based on the force exerted on a suspended sample under the action of a non-uniform magnetic field. The inhomogeneity of the latter is generated by an electromagnet equipped with dedicated poles cut to a special shape known as Faraday pole caps, which allow a constant magnetic-field gradient region between them. The force is measured with an analytical precision balance and allows calculating the magnetization through
where F x is the force along the x direction, m the magnetic moment and dH /dz the magnetic-field gradient between poles.
Results and discussion
The three sets of samples have been characterized both magnetically and morphologically. On the one hand, maghemite NPs have been characterized both as prepared and embedded in a polyester resin. On the other hand, magnetite NPs have been studied only in the 'as prepared' form. For example, figure 1a-c shows the magnetization curves of the three samples obtained at nominal temperatures of 80 and 300 K. Obviously, the magnetization values shown in figure 1b are much lower than those in figure 1a because of the different concentration of the NPs, but, as we will show later, the fitting parameters follow the same trend. Other factors affecting the magnetic response will be discussed later.
To evaluate the SPM character of the samples and therefore to describe the field dependence of the magnetization, the experimental results at nominal temperatures between 80 and 300 K were fitted to the usual Langevin function, where s is the specific magnetization, s s the specific saturation magnetization, m the NP average magnetic moment, m 0 the magnetic permeability of vacuum and k B the Boltzmann constant. This function basically represents the classical limit of the quantum mechanical Brillouin function (Cullity & Graham 2009) , and its use is justified by the fact that the magnetic moments in a set of SPM NPs are larger than those of individual paramagnetic atoms, for which the Brillouin function must be employed. For each temperature between both limits and for every set of samples, the experimental data are well fitted to equation (3.1) (the correlation coefficients are all close to 0.999), which means that the NPs are essentially SPM for that temperature range. From these fits, one can obtain the saturation magnetization and the average NP diameter for each temperature. Since this diameter is deduced from the magnetization curves, we will call it the magnetic diameter, D m . Additionally, if the Langevin function holds as expected for SPM samples, all the measurements for a sample at the whole temperature range should collapse into a single curve. This is checked in figure 1d -f , where the reduced magnetization s/s s is plotted versus H /T for the corresponding samples. It can be seen that this is essentially true for the magnetite sample, but not so much for the maghemite ones, especially in the lower temperature range, where the curves clearly deviate from the predicted behaviour at the region of the 'knee' of the magnetization curve. This could be interpreted as if a reduction of the size of the NPs was taking place as the temperature is reduced. Also, magnetic dipolar interactions between NPs could have a part in this departure from the H /T scaling law (Allia et al. 2001) .
This apparent reduction in size deduced from magnetization curves becomes clearer when plotting D m as a function of temperature (figure 2), where it is shown that the average size is more or less constant at the higher temperature range, but it decreases at the lower temperature range. The interpretation for this behaviour can be quite simple. Given the relatively wide size distribution of these NPs, as the temperature is decreased, those particles with a bigger size (at the right tail of the size-distribution function) may become blocked since their blocking temperature is above the temperature of this particular experiment. If they are blocked, they would not contribute to the magnetization of SPM NPs at these relatively low applied magnetic fields. The same behaviour is clearly shown in both maghemite cases (the free-NP sample and the embedded ones). In the case of magnetite samples, this effect is less visible, since it starts at a lower temperature.
The interpretation of the different behaviour shown by maghemite and magnetite samples can be followed from the size-distribution functions obtained from microscopy measurements. Figure 3a representative images of the OA-g-Fe 2 O 3 NPs. The average core size (taken as the peak of the size-distribution function represented in figure 3c , features a value around 7 nm, although NPs with sizes ranging from 4 to 10 nm can also be observed in the TEM micrographs, i.e. there must be a considerably wide range of blocking temperatures in this case. Due to the diffuse contrast offered by the coating under the electron beam, it is difficult in this case to get the real diameter of the whole core-coating system. For comparison, an AFM image is also shown (figure 3d). Here, the diameter values (with an average around 23 nm) appear higher than those obtained through TEM, which could be connected with the fact that, in AFM measurements, the samples have been exposed to the environmental humidity; as a consequence, the surface adsorbed water makes the diameters appear bigger than expected. One distinct feature of the PAA-Fe 3 O 4 NPs, when compared with the preceding case, is that their size-distribution function is narrower than that of OA-g-Fe 2 O 3 NPs and the average size is smaller, as can be deduced from TEM and HRTEM micrographs ( figure 3e-g ). Figure 3h shows a representative AFM image of this sample revealing their spherical morphology. As occurred in the OA-g-Fe 2 O 3 NPs, the measured diameter is bigger than that obtained from TEM-now the average value is around 22 nm; furthermore, in this case, the difference between both microscopies is more pronounced, probably due to a thicker water layer over the NPs surface as a consequence of the superabsorbent character of the PAA. The different behaviour shown by the so-called magnetic diameter can then be explained by the different size distribution found for both samples. The narrower the size-distribution function, the narrower the blocking-temperatures range, which would explain why D m is essentially constant until low temperatures are reached for the magnetite NPs.
Another interesting plot that may be followed from the Langevin function fits is the one for the variation of saturation magnetization with temperature. The temperature dependence of the magnetization, investigated by using a combination of different experimental methods, is an important source of information regarding the anomalies and/or singularities linked to the dimensional confinement in magnetic NPs. The deviation shown by a magnetic material if compared with its highest magnetization state is given by the spin-wave excitation. The latter is basically originated by the sinusoidal-type distribution of the spin orientation states within the material, which are forming a certain angle with respect to each other; thus, a more energetically unfavourable situation of anti-parallel coupling is avoided. Departing from the spin-wave theory, Bloch (1930) proposed an expression aiming to describe the thermal dependence of the saturation magnetization s s (T ) in a bulk material,
where s s (0) is the spontaneous magnetization at 0 K, n is the Bloch exponentoriginally 3/2 for bulk materials-and B is a constant that depends on the spin-wave stiffness and, thus, on the inverse of the exchange integral J . Certain deviations from the Bloch law can be observed in the case of NPs; such deviations are mainly related to the increasing of the surface to volume ratio as well as the local symmetry and exchange breaking between atoms located at the surface of these entities. This issue will be discussed later on, and its main implications compared with the outcome from our experimental measurements. In the case of particles and clusters, some theoretical calculations have shown that the exponent n is higher than 3/2, and may reach 2 as a consequence of the reduction in the size of the particles (Hendriksen et al. 1993) . Going back to equation (3.2), such deviations are numerically reflected in the temperature exponent and the B constant value, which are increased with respect to the bulk values, indicating a decrease in the Curie temperature of the studied system. The main idea behind the explanation of this effect is that the lack of full coordination at the surface of the NPs may lead to larger spin deviations in this region than in the central part of the NP. The effect of the limited number of degrees of freedom at the surface leads to an energy gap in the spin-wave spectrum resulting in a flat magnetization curve at low temperatures. In other words, the magnetization decreases faster at higher temperatures in the NPs than in the bulk material, due to lacking coordination at the surface. Both Monte Carlo calculations (Merikoski et al. 1991) and experimental results (Senz et al. 2003; Caizer 2005 ) have repeatedly shown this behaviour.
However, there have been also reports where nanoparticulated systems show lower Bloch exponents, close to the bulk value 3/2 (Martínez et al. 1998) , or even lower than that (Wu et al. 2004) . This is the case of both free OA-g-Fe 2 O 3 and PAA-Fe 3 O 4 NPs, where the best fit of the experimental results is obtained when n = 2 ( figure 4a and b) .
However, in the case of the OA-g-Fe 2 O 3 NC, the exponent from the modified Bloch law is below 3/2, closer to 1 (table 1). For comparison, this plot is shown along with the other samples in figure 4c , and the best fit here is obtained for n = 1.136. These low values are justified in terms of the core-shell model for this kind of NP and the effect of the matrix where these NPs are embedded. According to this model, the magnetic NPs are composed of a single-domain core that accounts for the essential magnetic behaviour of the NPs, and a shell (a more or less thick layer depending on the material and the NP size) where magnetic moments are completely disordered. A higher magnetic field is then needed to align these magnetic moments. A Bloch exponent lower than 2, according to computer simulations carried out on ferromagnetic clusters (Hendriksen et al. 1992) , is a consequence of the fact that the shell gets thicker. When the NPs are embedded in the polyester matrix, they are subjected to high strain and it induces the growth of the magnetically disordered shell, when compared to the free NPs, at the expense of the single-domain core. Other reported examples where the Bloch exponent is 3/2 or lower for NPs include the cases where these NPs have been prepared in such a way that strains must be playing a prominent role, contributing to the overall increase in magnetic disorder; for example, NPs produced by a vaporization-condensation process (Martínez et al. 1998) .
Another argument supporting the strain-induced core-shell magnetic structure can be followed from the inductively coupled plasma chemical analysis results. While iron oxide content in free maghemite NPs is 56.4 per cent, it is reduced to 0.87 per cent in the composite sample. If these data and the matrix diamagnetic susceptibility are used to correct the spontaneous magnetization shown in table 1, a maghemite yield of 79 per cent is inferred in the case of the free NPs, while only 30 per cent is obtained for the composite. Considering that the former NPs were used to prepare the composite, an interaction between the matrix and the NP magnetic structure must be considered in order to explain this reduction. If the disordered magnetic moments layer grows as a consequence of strains induced by the matrix, the NP saturation magnetization would be below the free NP value.
Conclusions
Several capped iron oxide (maghemite and magnetite) NPs have been prepared by chemical methods at high temperatures. In the case of maghemite NPs, the capping agent was oleic acid and an additional sample was prepared by encapsulating the NPs in a polyester matrix. On the other hand, the magnetite NPs were protected with a shell of hydrophilic PAA. Their magnetic properties have been studied. From Langevin function plots, it is possible to deduce the NP average diameter (which we called magnetic diameter). These calculated magnetic diameters are not constant with temperature due to an apparent decrease that is observed at low temperatures and is more pronounced in the case of maghemite samples. Comparison of size-distribution functions deduced from TEM measurements, for both maghemite and magnetite NPs, reveals a higher mean size and wider size distribution in the first case. Therefore, the magneticdiameter behaviour with temperature can be explained by the blocking of larger NPs as temperature decreases.
Another parameter obtained from Langevin plots is the magnetic saturation at each temperature. The results have been fitted to a Bloch-like equation. The Bloch exponents are not equal to 3/2 (the bulk value), but close to 2 for free NPs and lower than 3/2 in the case of the NC. Bloch exponents higher than 3/2 have been explained as a consequence of size reduction, but when forming NC, the exponent is close to 1 probably due to a combination of matrix-induced strains and the increase of the thickness of the disordered magnetic layer around the NPs, as shown in other nanoparticulated systems.
